The extent of genetic diversity within a species is an important determinant of successful adaptation to adverse environmental conditions. Assessment of extent of genetic diversity/variability is also important to monitor genetic erosion within a species. In threatened plant species, genetic diversity assessment helps in selection of genetically diverse populations to enrich the genetically impoverished populations, thus minimizing the probability of genetic drift. Confirming taxonomic identity of threatened species, particularly those belonging to species complexes with dispute identity, is another essential task in the conservation of threatened species, which is best resolved through molecular approaches. The present study estimated the genetic variability within and among the populations of four threatened species, viz. Justicia beddomei The phylogenetic analyses confirmed four distinct species of Justicia, which also revealed that J. beddomei and J. adhatoda were sister groups with a common ancestor showing rapid parallel speciation with J. gendarussa in one clade and J. betonica in another. Madhuca insignis with extremely small population in the Western Ghats (Karnataka to Kerala) might have undergone either extensive hybridization or incipient speciation. In case of Embelia species, a greater evolutionary closeness between E. subcoraceae and E. floribunda was revealed, while E. ribes had a distinct clad. Both ISSR and SSR markers distinguished various genotypes of Cycas beddomei.
Introduction
CORRECT taxonomic identification of threatened species is fundamental to any conservation research and action. This is particularly true for the species complexes where inter-breeding is a frequent phenomenon and phenotypic plasticity is common 1 . Morphological characters may not be sufficiently informative to evaluate cryptic species that are morphologically similar but genetically divergent. In such situations, molecular marker-based phylogeny analyses help in segregating the species despite morphological similarities 2 . Phylogenetic studies have been helpful in estimating the evolutionary relationship, gene flow, genetic drift and degree of out-breeding in different taxa. DNA sequence-based character and distance analysis of various loci in closely related species reflect the fundamental relationships and genetic divergence, thus helping to segregate them into different species.
One of the most important intrinsic drivers of species extinction is genetic drift caused due to narrow genetic base within the population 3 . Given small population size of threatened species, the extinction probability due to genetic drift is very high. Therefore, prior to any conservation action, genetically diverse populations need to be identified, multiplied and introduced in nature for avoiding possible genetic drift.
Genetic variations do play a crucial role in species adaptation and the subsequent evolutionary processes. Thus, patterns of genetic diversity within and among the populations of a species give an insight into the evolutionary history, and help predict the future risk of genetic erosion 4 . The genetic diversity of a plant species changes in time and space, and its distribution depends on its evolutionary history, breeding system, and several ecological, geographical and anthropogenic factors. A better understanding of diversity and its distribution within and among the populations is essential for identifying the population with wide genetic base that can be used as a source for enriching the genetically impoverished populations 5 . Assessment of such variation is particularly important in threatened species as the genetically diverse population can be used for expanding the extant population of a species, thus minimizing the probability of genetic drift thereby ensuring its conservation.
Utilization of nuclear as well as chloroplast markers for phylogeny such as Internal Transcribed Spacer (ITS), rbcL, trnL-psbH, trnL-F, matK has been successful in establishing phylogenetic relationship among different taxa 2 . For genetic diversity analysis, simple sequence repeats (SSRs), intersimple sequence repeats (ISSRs), Single Nucleotide Polymorphism (SNP) have been proved to be extremely useful in several species. Therefore, analyses for population genetic structure taking the above two approaches can address the twin problems in conservation biology, i.e. establishing taxonomic identity of disputed taxa, as well as identification of genetically diverse populations for using them as source germplasm for species conservation.
In this article, we demonstrate the successful application of molecular marker tool in resolving the taxonomic dispute for establishing the species identity. Further, we hypothesized that appropriate species-specific molecular markers can delineate populations with greater genetic diversity. Both these aspects are essential for conserving the threatened species because of their small population size, narrow niche, high phenotypic plasticity and limited gene flow. Four threatened species were selected, viz. Justicia beddomei (C.B. Clarke) Bennet, Embeli aribes Burm f., Madhuca insignis (Radlk.) H.J. Lam and Cycas beddomei Dyer; each of them faces one or both the above-mentioned specific conservation problem.
Materials and methods

Justicia beddomei
The leaves of J. bedommei are used in preparation of Ayurvedic medicines for cold, cough, bronchitis, asthma and also used as antihelminthic 6 . The species is closely related to Justicia adhatoda (syn. Adhatoda vasica or A. zeylanica), commonly called as 'Vasa'; therefore, J. beddomei is often misidentified as J. adhatoda. Leaf and inflorescence size are considered as the distinguishing characters of these two species. J. adhatoda has bigger leaf and inflorescence while J. beddomei has relatively smaller leaf and inflorescence. However, this difference in morphology is considered as an ecotypic variation (http://envis.frlht.org/tds/1255_1.htm). Taxonomic characters of J. adhatoda, J. beddomei and two of the allied species, viz. J. gendarussa and J. bettonica are almost similar (Figure 1 ). It is, therefore, difficult to distinguish J. beddomei from the rest of the species based on phenotypic attributes. Thus, correct identification based on molecular phylogeny is an important aspect of the present study. Nuclear ribosomal ITS region was selected for molecular phylogeny. In addition to the sequence variability, PCR-RFLP (restriction fragment length polymorphism) of ITS amplicon was also used.
Madhuca insignis
M. insignis is a riparian species that is classified as 'Extinct' by the IUCN. It was rediscovered after a gap of 120 years from the Udupi district, Karnataka with only two surviving individuals 7 , followed by other reports of its existence in Dakshina Kannada district, Karnataka and the Kasaragod district, Kerala, India [8] [9] [10] [11] [12] . In the present study, five species of the genus Madhuca, viz. M. insignis, M. neriifolia, M. latifolia, M. longofolia and M. berdollimi, were analysed using ITS sequences for establishing species identity.
Embelia ribes
E. ribes is a medicinally important threatened plant species. However, other species of the genus are often 
Species
Geographical location Accession number indistinguishable due to extensive morphological variation 13 . It grows in semi-evergreen and deciduous forests occurring in the elevation range of 500 to 2500 m amsl in the Central Himalaya, Arunachal Pradesh, Assam, Meghalaya, Maharashtra, Andhra Pradesh, Karnataka, Kerala and Tamil Nadu 14, 15 . It shows anti-fertility 16 , antibacterial 17 , antitumour, analgesic, anti-inflammatory 18, 19 , antispermatogenic 20 and chemo preventive activities 21 . E. ribes has close similarities with Embelia tsjeriam-cottam, Embelia floribunda Wall. and Embelia subcoraceae (Clarke) Mez. and poses a serious challenge in the identification of species based on morphological attributes. The genus has undergone significant genetic erosion and is at the threshhold of extinction because of low seed viability, poor seed germination and fragmentation in populations which have resulted in inbreeding in natural populations.
Cycas beddomei
C. beddomei, a gymnosperm is known only from the Kadapa-Tirupati Hills of the southeastern Ghats in Andhra Pradesh, northwest of Chennai in Eastern Peninsular India and some parts of China. It grows on open hill slopes and grassy woodland. In the present study, assessment of genetic diversity in C. beddomei was undertaken using ISSR and SSRs. water. The leaf samples of C. beddomei representing three natural populations from reserved forest of Andhra Pradesh (Table 3) were collected during September 2014 to February 2015.
Sample collection
Genomic DNA isolation and PCR for ITS, matK, ISSR and SSR
Genomic DNA was extracted from young leaves using the N-cetyl-N,N,N-trimethylammonium bromide (CTAB) method described by Doyle and Doyle 22 with some modifications to each species. The purity and yield of DNA was checked using a UV spectrophotometer (GeneQuant Pro, Amersham Biosciences, USA).
PCR amplification of ITS and matK regions from DNA of each sample was carried out with primer pairs P4-P5 (refs 23 and 24) and AF-8R (ref. 25) respectively. The reaction mixture for amplification of the target regions was optimized with 10 reaction buffer (Merck, India), 1 mM MgCl 2 (Merck, India), 0.4 mM dNTPs mixture (Merck, India), 0.03U Taq polymerase (Merck, India), 0.5 pmol primers (Metabion GmbH, Germany) and 50 ng of template DNA. Amplification reactions were carried out in an Applied Biosystems thermal cycler (Gene Amp 9700) with the reaction cycle comprising one cycle of 'hot start' (94C, 5 min), 35 cycles of denaturation (94C, 1 min), annealing (60C for ITS and 50C for matK), extension (72C, 1 min) and one cycle of chain elongation at 72C, for 10 min. Polymerase chain reactions for ISSR amplification were carried out with genomic DNA of E. ribes, E. floribunda and E. subcoraceae in a final reaction volume of 25 l containing 30 ng of DNA, 5U of Taq polymerase (Promega), 2 l of 10 reaction buffer (Promega), 1.5 mM MgCl 2 (Promega), 0.2 mM of each dNTP (Promega) and 10 M primer. A total of 20 ISSR primers were screened for Embelia spp. (Table 4) . Amplification reactions were performed in an Applied Biosystem thermal cycler with the reaction cycle comprising one cycle of 'hot start' (94C, 5 min), 40 cycles of denaturation (94C, 30 s), annealing for 30 s at the respective temperatures, chain extension at 72C for 30 s and one cycle of chain elongation at 72C for 5 min. In case of SSR, the primers were synthesized commercially and used for PCR reaction as reported earlier for Cycas species 26, 27 . The basic PCR programme to amplify DNA was as follows: an initial hot start and denaturing step at 94C for 3 min followed by 40 cycles of 1 min denaturation at 94C, 1 min annealing at the appropriate temperature (42C or 62C) depending on the primer; and 1 min primer elongation at 72C. A final extension step at 72C for 5 min was performed. Table 5 provides details of ISSR and SSR primers used for Cycas spp.
Agarose gel elution and sequencing
The amplicons of ITS region and matK were resolved on a 0.8% agarose gel, which was pre-stained with ethidium bromide (0.5 g/ml). The gel was documented in a gel documentation unit (Bio-rad, USA). Each experiment was repeated at least three times for each leaf sample to confirm its reproducibility and repeatability. Amplified ITS region and matK were gel-purified using QIAquick gel extraction kit (Qiagen, Hilden, Germany) following the manufacturer's instructions. The purified products of ITS and matK were utilized in sequencing on a ABI 373 automatic sequencer (Applied Biosystems, Inc.) at Bangalore Genei Pvt Ltd, Bengaluru for Justicia species and Bioserve Pvt Ltd, Hyderabad for Madhuca and Embelia species.
PCR-RFLP of ITS region
The purified PCR products of ITS for four species of Justicia were subjected to restriction digestion with SfoI and EcoRI (New England Biolab, UK) at 37C for 1 h following the manufacturers' instructions. The digested PCR products were then resolved on 2% agarose, 0.5 TBE gel prestained with ethidium bromide (0.5 g/ml) along with undigested amplicons.
ISSR/SSR profiling
The PCR amplicons of ISSRs and SSRs for Embelia and Cycas were electrophoresed on 3.5% agarose gel and the amplicons were visualized under UV light in ChemiDoc XRS + system with Quantity One® 1-D analysis software version 4.6.9 (Bio-rad, USA) after staining the gels with ethidium bromide. All amplifications were carried out in triplicate with five samples from each accession and only well-defined and reproducible bands were scored. Bands with the same migration were considered homologous fragments, independent of their intensity.
Analysis of sequencing data for ITS and matK
The obtained DNA sequences were subjected to homology analysis using CLUSTALW (http://www.ebci.ac.uk. clustalw/) with default parameters. Phylogenetic tree of ITS region was constructed following the maximum likelihood (ML) method using MEGA 6.0 (ref. 28) and Bayesian analysis using MrBayes v3.12 software 29 . Best-fitmodel was determined using ML calculations in MEGA5.2. For the analysis, Kimura 2-parameter (K2) 30 and 1000 bootstrap replicates were used. Multiple alignment of ITS region of four species (J. beddomei, J. adhatoda, J. gendarussa and J. betonica) was performed. The homology score for ITS1, 5.8S and ITS2 was manually computed. All the ITS and matK sequences generated have been deposited in the NCBI GenBank database. UPGMA (unweighted pair group mean analysis) was used to generate the dendrogram based on Nei's genetic distance values 31 for Madhuca species. Also the genetic distances between various individuals were calculated using pairwise deletion. In order to verify the length of the obtained tree branches, Neighbour-Joining (NJ) analysis of the ITS sequences was performed using MEGA 5.0; bootstrapping was carried out to obtain estimates of the nodes of the trees selected.
Data analysis for ISSR/SSR profiling
The ISSR and SSR profiles were scored for presence (1) or absence (0) of a band. The data matrix was converted into genetic similarity matrix using Jaccard coefficient with NTSYS-PC2.02j. The genetic relatedness amongst individuals in the tested populations was analysed using UPGMA based on Jaccard's coefficient. Computations were made using the program NTSYS pc 2.2 (Exeter Software, Stauket, NY, USA) 32 . The relationship between genetic similarity matrix of ISSR and SSR was analysed using the Mantel test 33 . Principal component analysis (PCA) of the data matrix was carried out with PAST ver.
(ref. 34).
Results and discussion
Resolving taxonomic dispute for Justicia beddomei
Results from the ITS sequence analysis and PCR-RFLP revealed clear distinction between J. beddomei and J. adhatoda. Direct sequencing of the gel-purified ITS amplicon yielded a 624 bp sequence for J. beddomei, 738 bp for J. gendarussa, and 736 bp sequence for J. betonica. Complete ITS sequence (687 bp) of J. adhatoda was used from NCBI. Maximum homology in the sequence was observed in the highly conserved region of 5.8S rRNA gene. Both the regions of ITS (ITS1 and ITS2) of the selected Justicia members showed adequate sequence variation among the species; however ITS2 region of J. gendarussa did not show any similarity with the other three species. Phylogenetic tree was constructed using the ITS sequences from NCBI database of 20 different species under the genus Justicia, which revealed two major clades. From the phylogenetic tree, it was evident that J. beddomei and J. adhatoda were sister groups and two distinct species with a common ancestor (Figure 2 ). In general, Justicia species were found to have rapid parallel speciation with J. gendarussa in one clade and J. betonica in another. The ITS sequences of J. beddomei, J. adhatoda, J. gendarussa and J. betonica contained unique recognition sites for specific restriction enzymes for which all the species were distinct in their PCR-RFLP patterns. When the ITS amplicons of the four selected Justicia species were subjected to restricted digestion with EcoRI or SfoI, it yielded the expected restricted products (Table 6 ). Based on earlier reports, it is evident that the variation in J. adhatoda is very high along with a phenotypic plasticity 35, 36 . However, J. beddomei seems to be more uniform than J. adhatoda. The ITS sequences and PCR-RFLP were successful in resolving the ambiguity that existed among the four species of Justicia in the present study.
Confirming taxonomic identity of Madhuca insignis
ITS sequences of all the five different species of Madhuca and various ITS sequences obtained from GenBank Figure 3 . Phylogenetic tree of Madhuca species: a, Neighbour-Joining analysis using Kimura 2-parameter method. b, UPGMA analysis using Kimura 2-parameter method. Manilkara zapota has been used as outgroup. for several additional Madhuca taxa were analysed using MEGA 5.0 for distance-based UPGMA and NJ analysis, which resulted into two well-resolved major clades (Figure 3 a and b) . 
Inter-and intra-specific variations in the genus Embelia
The ITS region of different species of Embelia was sequenced in the present study and sequence variations in the ITS region were analysed to assess inter-and intraspecific relationship among E. ribes, E. subcoraceae and E. floribunda. The ITS region of E. ribes showed a highly conserved nature with 89.5% conserved sites (Table 7) . More specifically, ITS1 and ITS2 showed 90.1% and 81.8% conserved sites respectively. The multiple sequence alignment of the complete ITS region from E. ribes, E. subcoraceae and E. floribunda revealed 67.3% conserved sites. In inter-specific level, ITS1 showed higher level of sequence conservation than ITS2. The 5.8S region did not show any inter-specific sequence variation (Table 8 ). The distance based NJ tree generated from the multiple sequence alignment of ITS region resolved various accessions of E. ribes, E. floribunda and E. subcoraceae into two distinct clades. The accessions of E. ribes clustered together in a single clade (cluster II) in the tree, while accessions of E. floribunda and E. subcoraceae segregated into two sub-clades within a clade (cluster I) (Figure 4 ). The clustering pattern in the NJ tree showed close evolutionary relationship between E. floribunda and E. subcoraceae. The matK region of all the three species of Embelia studied in the present investigation showed a very high level of conservation with 92.4%, 96.8% and 99.8% conserved sites in E. ribes, E. subcoraceae and E. floribunda respectively ( Table 9 ). The NJ tree constructed using matK sequences clearly segregated all the accessions of E. ribes, E. floribunda and E. subcoraceae in three clusters. Cluster I grouped together accession of E. subcoraceae and E. floribunda, whereas cluster II grouped together all the accessions of E. ribes ( Figure 5 ). Thus, the NJ tree generated for ITS and matK sequences clearly differentiated three species of Embelia from one another. In addition, it also revealed a greater evolutionary closeness between E. subcoraceae and E. floribunda. However, the sequence variations in the ITS and matK regions appeared to be less informative in determining intra-specific variations among the three species. Nevertheless, the ITS region showed a higher resolution than matK. 
Estimation of genetic variability in Embelia species from North East India
Out of the 20 primers used for amplification of ISSRs, eight yielded robust and reproducible polymorphic amplification patterns ( Figure 6 ). A total of 42 bands, with an average of 5.25 products per primer, were generated.
Among these, 33 bands (68.02%) were polymorphic and 9 (1.12%) were monomorphic (Table 10 ). The number of bands ranged from 2 (in the case of primer-810) to 10 (in the case of primer-857). While the primers-809, 834 and 859 generated the highest number of polymorphic bands, primer-859 showed highest Rp (10.16) and MI (5.98) values (Table 10 ). The UPGMA dendrogram generated from the binary matrix, clustered the plants into two broad clades with Jaccard's coefficient of similarity ranging from 0.58 to 1.0. All the accessions belonging to E. ribes clustered together into one group; the accessions belonging to E. floribunda and E. subcoraceae clustered in two subgroups in the other cluster ( Figure 7) . The plants of E. ribes from Bomdila Road (Arunachal Pradesh), Lad Mawphlang (Meghalaya) and Langkyrdem (Meghalaya) showed the highest similarity coefficient of 1.0. Analysis of genetic variation within the three species using ISSR markers revealed that the intra-specific genetic variation was relatively high in E. ribes than that in E. floribunda and E. subcoraceae (Figure 7) . It is possible that the low genetic diversity may be one of the factors contributing towards the current threat status of the species.
Assessment of genetic variability in Cycas beddomei
A total of 22 ISSRs and 15 SSRs were selected to generate clear and scorable bands with considerable polymorphism (Table 5 ; Figure 8 ) with 20 accessions of C. beddomei collected from natural forest of Andhra Pradesh. Using 22 ISSRs, a total of 193 bands were produced with an average of 8.77 bands per ISSR marker. Among these 193 bands, 179 were polymorphic (92.74%). The size of the ISSR fragments ranged from 100 to 3000 bp (Table 5) . ISSR-810 amplified a maximum of 20 fragments, whereas ISSR-807 and ISSR-841 produced the lowest number (5) of bands. Similarly, 69 amplified SSR products were scored across 20 accessions of C. beddomei by 15 selected custom-synthesized SSR primers with 91.30% polymorphism. The number of fragments ranged from 3 to 5, and size ranged from 100 to 500 bp. Nine Cycas SSRs exhibited 100% polymorphism and CycasSSR13 generated least number of fragments. CycasSSR3 generated maximum number (6) of polymorphic markers. The genetic similarities between the accessions revealed by SSR analysis ranged from 0.09 to 0.72. The average number of amplification products per SSR primer was 4.93. The genetic variations through molecular markers have been worked out in a number of medicinal plants [37] [38] [39] . The results show that both ISSR and SSR marker systems are efficient to distinguish 20 accessions of C. beddomei. The ISSR markers revealed higher polymorphism (92.74%) in comparison to SSR markers (91.30%) ( Table 5 ). The similarity matrix obtained in the present study was used to construct a dendrogram by the UPGMA method for both SSR and ISSR data ( Figure 9 ). The dendrograms generated by both marker systems (SSR and ISSR) were in broad agreement with each other. The UPGMA tree showed three major groups and most of the related accessions were grouped together in their respective clusters. On the basis of ISSR analysis the UPGM tree has two major clusters, i.e. accession-20 formed a single major cluster-I, while the other 19 accessions formed the other major cluster-II. Both the major clusters have only 15% similarity between them. The cluster II with 19 accessions were again differentiated into two sub-clusters, i.e. sub-clusters IIa and IIb. Sub-cluster IIa had two accessions (accession-1 and accession-14) and they showed 36% similarity with each other. Sub-cluster IIb had 17 accessions exhibiting 30% similarity among themselves. Accessions-17 and 18 had 73% similarity with each other. On the basis of SSR markers, the 20 accessions were divided into two major clusters (cluster-I and cluster-II) with 3% similarity among the clusters. The first cluster had only one accession (accession 20) which was similar to the cluster generated through ISSR marker. The other 19 accessions made one group with 20% similarity with each other. Further, cluster-II was divided into two minor clades, i.e. cluster-IIa having five accessions and cluster-IIb with 14 accessions. Among the all accessions, accession-20 was placed under a separate cluster by both the approaches (SSR and ISSR). PCA also revealed that accession-20
